velopment of management paradigms that enhance the rate of gain and qualitative characteristics of beef carcass development has the potential to impact production and nutrient use efficiency but also mitigate losses to the environment. We used eight Black Angus beef steers (272.5 Ϯ 17.6 kg initial body wt) fed a forage-based pelleted diet alone (n ϭ 4) or supplemented with sodium propionate included (n ϭ 4) for 42 days. High-quality RNA was extracted from the longissimus lumborum and subjected to transcriptome sequencing using RNA-seq technology. Trimmed reads were aligned to the bovine reference genome (Btau4.0, release 63) and uniquely mapped reads from control and propionate treatment groups were subject to further analysis using edgeR. Candidates were filtered to account for multiple testing and differentially expressed genes (153 at a false discovery rate of Ͻ5%) were analyzed using Gene Ontology (GO) analysis (GOseq) to select terms where enrichment had occurred. Significant GO terms included regulation of cholesterol transport, regulation of sterol transport, and cellular modified amino acid metabolic process. Furthermore, the top four identified gene networks included lipid metabolism, small molecule biochemistry, carbohydrate metabolism, and molecular transport-related categories. Notably, changes in lipid metabolism specific genes reflect both increased oxidative and lipid synthetic capacities. Metabolism-related gene changes are reflective of expected enhancements in lean tissue accretion patterns exhibited in steers where high ruminal propionate relative to other short chain fatty acids is observed. Propionate feeding induced increased N retention in rapidly growing Angus cattle, and the observed alterations in LL tissue lipid metabolism-related gene networks are consistent with enhanced cell formation and function (protein synthesis, and lipogenic vs. lipolytic activities). a Formulated to provide (per kg of dietary DM) 50 mg of Mn, 50 mg of Zn, 20 mg of Cu, 0.6 mg of I, 0.3 mg of Se, and 0.1 mg of Co. b Formulated to provide (per kg of dietary DM) 6,600 IU of vitamin A, 1,540 IU of vitamin D, and 22 IU of vitamin E.
IN THE BEEF INDUSTRY, IMPROVING carcass quality characteristics (higher protein deposition concomitant with lower fat) while maintaining or increasing the efficiency of dietary nutrient utilization is fundamental to economic stability. Connor et al. (4) , using a compensatory gain model, identified specific hepatic mitochondrial gene expression patterns implicating them as putative hepatic arbiters and/or biomarkers for increased nutrient use efficiency in compensating steers. Selection for quantitative trait loci in beef cattle that exert influence on carcass characteristics has resulted in the industry making progress in the development of improved carcass marbling and tenderness (3) and muscle growth (21) . Recently, identification and classification of genes associated with muscle growth (7, 11, 18, 22, 23) and adipogenesis (28) have been obtained from use of microarray transcript data. Regardless, independent of beef breed, nutrient delivery, both the type of nutrients (e.g., carbohydrate, fat, and protein) and their sites of absorption (rumen vs. small intestines), elicits effects on growth efficiency and carcass composition (lean vs. fat; 8, 22) concomitant with alterations in the expression of specific genes that result in altered rates of tissue accretion (1, 7) . Elucidation of these nutrient-driven mechanisms in ruminants and clarification of the physiological and metabolic mechanisms underlying growth responses are essential in improving beef production.
Defining nutrient-driven mechanisms in productive ruminants has proven difficult due to the complex mixture of substrates and intermediates [volatile fatty acids (VFA), long chain fatty acids, amino acids and carbohydrates] absorbed from the rumen and/or small intestine (10, 15) . In addition, macronutrients or their metabolites can directly affect gene expression and enzyme activity across tissues (8) . For example, absorbed VFA (mainly acetate, butyrate, and propionate) contribute up to 75% of the total metabolizable energy supply in ruminants (2) and VFA have specific effects on cholesterol and adipose tissue fatty synthesis (1, 13) , insulin secretion and regulation of gluconeogenesis (16) . In particular, increasing the supply of propionate to growing ruminants by feeding and by intraruminal infusion increases body weight gain, nitrogen (N) retention, and gluconeogenesis and reduces carcass fat content (14 & 16) , despite the fact that plasma insulin is elevated by propionate. What remains unclear, are the regulatory networks facilitating these improvements in overall body weight and muscle gain across tissues and organs.
The present paper represents an initial step in our broader investigations of the tissue regulatory networks that underlie physiological responses of beef steers to alterations in the supply of macronutrients (i.e., propionate, starch, and casein) by assessing transcriptomic changes across tissues including muscle, liver, adipose, as well as sections of the gastrointestinal tract. Herein we report data from beef steers slaughtered after 42 days of consuming a basal ration with or without supplemental sodium propionate (PRO). Samples were collected from a predominately anaerobic muscle [longissimus lumborum (LL)] to investigate transcriptomic changes by employing Illumina-based RNA-seq analysis to identify responsive genes that may explain mechanisms underlying observed increases in body weight gain and N retention elicited by feeding propionate.
MATERIALS AND METHODS
Animals and treatments. All procedures were approved by the Beltsville Area Animal Care and Use Committee (protocol #06-039). Eight Black Angus beef steers [272.5 Ϯ 17.6 kg initial body wt] were fed a forage-based diet alone (Control, n ϭ 4) or with PRO included in the pelleted diet (n ϭ 4) for 42 days. Prior to experimentation steers were dewormed, vaccinated, and acclimated for 30 days; during this time, steers were halter broken and introduced to the tie stall facility. Also, during the acclimation period and throughout the experiment, the basal diet (Table 1 ) was fed to ϳ1.5ϫ maintenance metabolizable energy requirements [160 Kcal metabolizable energy/(kg body wt 0.75 ·day)] for growing steers of this frame size (15) . Treatment diets were fed via timed feeders delivering 12 equal portions at 2 h intervals. Steers used in this experiment were fitted with abomasal and ruminal infusion cannula because additional treatments (not presented herein) required postruminal infusion of substrates. Steers were fed the basal ration or a ration that included PRO (Table 1) to account for 20% of the predicted metabolizable energy intake such that total nutrient uptake in the absences of propionate was equivalent. Treatment ration was included incrementally (25, 50, 75, 100%; every other day) during the first 7 days. All animals were infused with 5 l water daily per abomasal cannula and had ad libitum access to fresh water at all times. Animals were released to exercise for at least 1 h daily and were weighed and had rations offered adjusted weekly accordingly. On day 42, the steers were transported to the US Department of Agriculture-Agricultural Research Service (USDA-ARS) Beltsville abattoir, where they were euthanized and LL muscle tissue was immediately collected for transcriptome profiling. The LL comprises predominately type II fibers (80%) with Ͼ50% being type II B fibers typically represented (25) and, as such, represents a muscle with major economic importance to the meat industry as well as a uniquely anaerobic muscle type. Samples (100 -150 mg pieces, ϳ500 mg total) were placed in 3 ml RNA later (Ambion #AM7024) and maintained on ice until refrigerated (4°C) overnight. RNA later was removed by pipette directly from the collection vessel, and tissue samples were subsequently moved to (Ϫ80°C) until RNA was extracted.
Empty body weight was determined by weighing individual components with gastrointestinal tract emptied. Carcass and noncarcass elements of one-half of each steer were ground and freeze-dried for compositional analysis. Carcass fat was determined using ether extract, and N content was determined by combustion using a LECO C/N 2000 (Leco, St. Joseph, MI) using EDTA for calibration. Feed samples were submitted to Cumberland Valley Analytical Services for analysis.
RNA extraction and transcriptome sequencing using RNA-seq technology. Tissue samples were removed from Ϫ80°C and ϳ150 -250 mg samples were wrapped in heavy-duty aluminum foil, labeled, and frozen in liquid N before being ground to powder in a ceramic mortar with pestle. Subsequently, RNA was isolated using the RNeasy Midi kit as described by the manufacturer (QIAGEN, Valencia, CA) including the use of a proteinase K digest. The RNA integrity was verified using an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA). High-quality RNA (RNA integrity number Ն8.7; 4.0 g per sample) was processed using an Illumina TruSeq RNA sample prep kit following the manufacturer's instruction (Illumina, San Diego, CA). Final individual RNA-seq libraries were validated and pooled based on their respective 6 bp adapters and sequenced at 50 bp/sequence read using an Illumina HiSeq 2000 sequencer. Approximately 44.04 million sequences (mean Ϯ SD ϭ 44,044,379 Ϯ 6,087,529) per sample were generated for this study.
Data analysis and bioinformatics. Raw sequence reads were first checked using our quality control pipeline and trimmed. Nucleotides of each raw read were scanned for low quality and any base with PHRED quality value Յ15 or the error rate Ն0.03% was trimmed. The retention rate of raw reads was at 92.7-96.3% after these procedures. Trimmed reads were aligned to the bovine reference genome (Btau 4.0) using GSNAP (Genomic Short-read Nucleotide Alignment Program), a program that permits a rapid single nucleotide polymorphism (SNP)-tolerant alignment to a reference genome of all possible combinations of major and minor alleles (29) . This program was selected because of its gapallowed and SNP-tolerant ability. Approximately 79.73 and 78.72% of the trimmed reads were uniquely mapped to the gene space of the bovine reference genome from control and propionate treated groups, respectively (Յ2 mismatches per 50 bp allowed). A total of 32,343,830 Ϯ 4,223,634 and 29,647,674 Ϯ 4,101,940 uniquely mapped reads in the gene space from control and propionate treatment groups, respectively, were subject to further analysis. The abundance of each gene was computed based on the coordinates of uniquely mapped reads and annotated locations of genes in the bovine reference genome (Btau4.0, release 63).
Differential expression analysis was conducted using the edgeR method (19) . Uniquely mapped reads were normalized using the trimmed mean of M-values normalization procedure (20) . This method estimates scale factors between samples and corrects for biases introduced by RNA composition and differences in the total numbers of uniquely mapped reads in each sample. Genes having Ն10 uniquely mapped reads (mean of all 8 samples) were further analyzed for fold changes and abundance estimates. The R package edgeR was used to test the null hypothesis that expression of a given gene is not different between the two groups (19) . The extract test in the R package of edgeR (v2.25) was used for differential expression test. Genes identified as candidates were further filtered with a stringent false discovery rate (FDR Ͻ 5%) cutoff to account for multiple testing.
Differentially expressed genes in the transcriptome were further analyzed using Gene Ontology (GO) analysis (GOseq). Gene set enrichment of certain GO terms was determined based on Fisher's exact test. A multiple correction control (permutation to control FDR) was implemented to set up the threshold to obtain the lists of significantly overrepresented GO terms. The candidate genes were analyzed using IPA v9.0 for pathways (Ingenuity Systems, Redwood City, CA). Intron spanning reads were extracted from filtered GSNAP alignments to identify potential intron-exon junctions or splicing variants. At each potential splicing junction, spanning reads were counted. To identify differential splicing junctions between two groups, normalized read counts of splicing junctions were required to be 1.5 times different between control and propionate treatment groups. An unpaired t-test was performed on normalized sequence read counts. Splicing junctions at P Յ 0.05 were considered candidates junctions that were differentially regulated between two groups.
RESULTS
Whole animal response. Steers fed the diet containing propionate had greater weight gain (36.8 kg vs. 29.7 kg) over the 42-day trial ( Table 2 ). Carcass fat and noncarcass fat contents were unaffected by propionate inclusion. Total daily N intake and urinary N excretion did not differ; however, feeding propionate reduced fecal N excretion and thus increased whole body N retention ( Table 2) .
Characteristics of the bovine LL transcriptome. Several published reports have conducted detailed comparisons between Affymetrix microarrays and Illumina-based RNA-seq analysis. In terms of transcript abundance detection (expression analysis), both technologies are comparable, especially when the number of raw reads from Illumina sequencing reaches 20 million per sample. However, RNA-seq has been shown to unravel previously inaccessible complexities in the transcriptome, such as allele-specific expression and novel promoters and isoforms (24, 27) , gene expression (abundance estimation), and detection of alternative splicing (26) , as well as RNA editing (17). Among 25,670 bovine genes in the bovine reference genome (release 63), the mean number of genes transcribed (Ն1 hit) in the LL transcriptome was 16,667 (Ϯ 372.40, SD) for control steers and 16,567 (Ϯ 237.1, SD) for steers fed propionate. These transcribed genes represented 64.9% of the total bovine genes in the transcriptome. Of the 16,667 genes, 15,259 were expressed in all samples tested, probably representing the core component of the LL muscle transcriptome. The bovine LL muscle transcriptome was dominated by a few transcripts with the 20 most abundant transcripts accounting for 43.4% of sequences in the transcriptome. Furthermore, Ͼ56.9% of sequences in the transcriptome were represented by the 50 most abundant transcripts. The most abundant transcript was connectin (ENSBTAG00000026986), representing 9.06% of the transcriptome. Myosin, heavy chain 1, skeletal muscle, adult (6.41%); cytochrome c oxidase subunit I (4.20%); actin, alpha skeletal muscle (3.84%); and nebulin (2.80%) were among the most abundant transcripts. The vast majority of the most abundant transcripts were muscle contraction-related, such as various myosins, tropomyosins, and myosin-binding proteins, ATPase, Ca 2ϩ transporting, cardiac muscle, fast twitch 1 (ATP2A1), and glycogen phosphorylase (muscle form). Among the 20 most abundant transcripts, four were of mitochondrial origin, such as NADH dehydrogenase subunit 4 (complex I).
Differentially expressed genes, gene networks and GO terms. Normalized sequence counts were analyzed with both edgeR and DEGseq algorithms. A total of 153 genes met two criteria: unadjusted P value Ͻ 0.05 and 1.5-fold difference in normalized read counts between control and propionate-fed steers. These candidate genes were further filtered with a stringent cutoff for FDR (Ͻ0.05%). Of the 153 identified differentially expressed genes found at FDR Ͻ 5%, 43 did not have annotation to support the GO seq analysis, and thus these were dropped from the analysis. For those with annotation, Table 3 lists 74 that were upregulated and Table 4 lists 36 that were downregulated in steers fed propionate. These genes exhibited a higher ratio of normalized sequence counts between control and propionate-fed steers. Twelve distinct gene networks were affected by feeding propionate with the top four including the following pathways: lipid metabolism, small molecule biochemistry, carbohydrate metabolism, and molecular transport ( Table 7 ). The resultant top five GO terms significantly enriched for 110 candidate genes present in the differentially expressed subset are presented in Table 5 .
Potential splicing junctions. Sequence reads spanning introns were extracted and counted from filtered GSNAP alignments. A total of 140,590 intron-exon junctions spanned by Ն1 sequence read were identified. Among these, 5,032 splicing junctions were differentially expressed between control and propionate-fed steers based on a modified t-test (P Ͻ 0.05). Of these, 42 occurred in some of the 153 genes that were significantly induced by feeding propionate (Table 6 ), such as cadherin 1, type 1, E-cadherin (epithelial) (CDH1) and dynein, cytoplasmic 2, heavy chain 1 (DYNC2H1). Both CDH1 and DTNC2H1 were induced in the LL by propionate ( Table 6) . A total of five potential splicing junctions were detected in glutathione S-transferase mu 3 (brain) (GSTM3) with a significantly higher number of reads spanning five introns in LL from propionate-fed steers. This gene was also significantly upregulated by propionate. Moreover, 494 of the 5,032 potential splicing junctions were observed in LL of propionate-fed steers but absent in LL of control steers, while 593 were present only in LL of control steers. A select subset of unique splicing junctions from each treatment group (i.e., either in control or propionate only) is presented in Table 7 .
DISCUSSION
In the current study, inclusion of propionate in the ration of beef steers (initial body wt ϭ 273 kg, slaughter wt ϭ 308 kg) increased rate and absolute body weight gain over a 42-day feeding period and increased whole body N retention via combined reductions in fecal and urinary N excretion. Similarly, the addition of propionate to diets fed to sheep (14) and beef steers (16) also increased whole body N retention by decreasing urinary and fecal N excretion. At the conclusion of the 42-day period of feeding propionate, we did not observe differences in carcass and noncarcass fat content compared with steers fed the basal control ration. Our results contrast with those in wether sheep where inclusion of propionate in the diet (40 g/kg dry matter) for 64 days prior to slaughter at market weight reduced carcass fat content by 13-16% (14) . In the present study, we purposely imposed dietary treatments at the body weight of Angus cattle where the rates of lean and fat accretion are similar, rather than at an age closer to market weight (ϳ550 -600 kg) when the rate of fat accretion would be expected to exceed that of lean (9) . Thus, it is not surprising that the feeding of propionate did not alter carcass composition.
The observed changes in the LL transcriptome appear to be largely reflective of the changes in metabolism to support lipid metabolism within this muscle, presumably in support of increasing intramuscular fat as well as other growth-specific and metabolic control points associated with amino acid transport. Of particular interest, in terms of putative mechanism by which propionate affects intramuscular adipose deposition, is the observed increased expression of genes encoding proteins important in both lipolytic and lipogenic function. Increased expression of both the synthetic and lipolytic pathways may confer flexibility to a growing or rapidly expanding tissue (in the case of adipose) where both energy generation via oxidation/lipid mobilization [i.e., adiponectin (ADIPOQ), angiopoi-etin-like gene family member (APOA1), carnitine palmitoyltransferase I (CPT1A), lipocalin/cytosolic fatty-acid binding protein family member (FABP), perilipin family (PLIN1), and peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A)], as well as triglyceride synthesis and lipid deposition [i.e., diacylglycerol O-acyltransferase 2 (DGAT), fatty acid elongase 6 (ELOVL6), and thyroid hormone-inducible hepatic protein Spot 14 (THSRP)] may be required. In the current experiment, control for the muscle beta-oxidation of long-chain fatty acids may be related to specifically CPTI as it is downregulated along with APOA1, whereas other identified genes were typically upregulated with propionate treatment. The enzyme encoded by CPTI is uniquely placed in the external mitochondrial membrane such that the beta-oxidation pathway can easily be regulated at this step (12) . Without active CPTI, initiation of long chain fatty acid oxidation via transport into the mitochondria with CPTI-II (inner mitochondrial membrane) does not occur. Moreover, the intracellular energy generation flexibility is afforded by the existence of required proteins for both lipogenic and lipolytic pathways such that the cell can quickly adapt to changes in endocrine and substrate level (allosteric) regulation of metabolism (12) . For example, the phosphorylation state of perilipin is a vital control step in regulation of the intracellular oxidation of fatty acids by keeping them available in the lipid droplet until hormone-sensitive lipase can hydrolyze them into fatty acids (6) . Similarly, as the angiopoietin gene activity is under the control of peroxisome proliferation factors (5) , the decrease observed with propionate feeding would be indicative of a decrease in lipolytic activity. Interestingly, angiopoietin has been associated with Type II diabetes, where lipid deposition in the muscle is increased in humans. On the surface, this would appear to be contradictory to the previously observed decreases in intramuscular adiposity with increased ruminal propionate. However, in ruminants, the pattern of deposition of adipose tissue depots generally follows the pattern of subcutaneous, then abdominal, and finally, intramuscular (1). Therefore, it is possible that the physiological state, age, and relative maturity of the Angus steers in the present study must be factored into the response in intramuscular fat observed here. However, in light of the high prevalence of lipid metabolic adaptations apparent in this study, further research is warranted to assess the short-term (lipid metabolism in support of new cell synthesis) as opposed to long-term tissue deposition of lipid in the muscle in support of marbling. Examining the gene expression relative to specific GO terms highlighted enrichments for a small subset of five altered biological processes in response to propionate feeding. These GO terms are again consistent with the observed changes in lipid metabolism discussed above that are fundamental to the development of muscle tissue. The top three of these five processes were cholesterol transport (GO:0032374), regulation of sterol transport (GO:0032371), and cellular modified amino acid metabolic process (GO:0006575).
Central to the development of an economically sustainable beef industry is the ability to produce desirable carcass composition (e.g., higher protein, lower fat) while maintaining high rates of efficient growth. However, balancing for nutritional efficiency, animal health, and reducing negative environmental impact, is also of increasing importance for sustainability. To elucidate the control of whole animal macronutrient utilization such that improvements in nutrient use efficiency and product quality can be realized in ruminants, the transcriptomic changes in productive tissues (muscle, mammary, adipose), as well as in service function tissues (especially, intestine and liver) that occur in response to dietary influences must be understood. Nutritionally, changes observed in the mammalian gene expression are affected directly and indirectly by the presence of the symbiotic microbiota present in the rumen. It is apparent that propionate dynamics must be considered in light of the potential for altering nutrient use efficiency by affecting changes in the net deposition of N in muscle tissue and concomitant increases in lipid metabolism-specific genes therein.
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